The dominant pathway of radiation damage begins with the ionization of water. Thus far, however, the underlying primary processes could not be conclusively elucidated. Here, we directly study the earliest steps of extreme ultraviolet (XUV)-induced water radiolysis through one-photon excitation of large water clusters using timeresolved photoelectron imaging. Results are presented for H 2 O and D 2 O clusters using femtosecond pump pulses centered at 133 or 80 nm. In both excitation schemes, hydrogen or proton transfer is observed to yield a prehydrated electron within 30 to 60 fs, followed by its solvation in 0.3 to 1.0 ps and its decay through geminate recombination on a ∼10-ps time scale. These results are interpreted by comparison with detailed multiconfigurational non-adiabatic ab-initio molecular dynamics calculations. Our results provide the first comprehensive picture of the primary steps of radiation chemistry and radiation damage and demonstrate new approaches for their study with unprecedented time resolution.
INTRODUCTION
Understanding of the primary steps of water photolysis and radiolysis remains unexpectedly humble despite the paramount importance of these processes in chemistry, biophysics, atmospheric sciences, and technology (1) (2) (3) . Important processes involving the ionization of water include the damage to living matter caused by ionizing radiation, the destruction of toxic organic compounds by irradiation, and a wide range of applications in radiotherapy (1, 4) . The radiolysis of water leads to the extremely fast formation of various reactive particles, notably OH· radicals and hydrated electrons e − (aq), followed by a cascade of reactions that unfolds on a broad range of time scales (2, 3) . The very early stages of these processes, taking place on (sub)femtosecond time scales, are poorly understood because of the lack of ultrashort extreme ultraviolet (XUV) laser pulses that would allow for their direct experimental investigation.
The hydrated electron has attracted considerable attention since its discovery by Hart and Boag in 1963 (5) . Time-resolved studies, so far, mainly relied on charge transfer to solvent (CTTS), i.e., the photoexcitation of a solute such as I − or organic molecules with femtosecond UV laser pulses [see, e.g., (6) (7) (8) (9) (10) (11) (12) ]. Although these techniques have provided very important insights into the thermalization and solvation of electrons, they could not address their formation and early-time dynamics following water ionization. In addition, the effects of the parent particle on the dynamics of the hydrated electron may be challenging to assess. Complementary insights were obtained through multiphoton excitation of water at various central wavelengths [see, e.g., (13) (14) (15) (16) ]. Last, the study of water clusters carrying an excess electron (2, (17) (18) (19) (20) (21) or deposited alkali atoms (22) has also provided valuable insights into the hydrated electron. Despite some controversies, e.g., concerning the binding motif of the electron or energy extrapolation from water clusters to bulk water (9, 10, 12, 15, 19, 20, 22, 23) , the thermalized hydrated electron is now well characterized experimentally (22) (23) (24) (25) (26) (27) .
In this study, we directly observe the birth of the hydrated electron during water radiolysis. We exploit the novel capabilities opened by femtosecond XUV laser pulses to explore the earliest stages of the ionization of water with unprecedented detail and time resolution. This work is enabled by the recent development of low-order harmonic sources based on frequency doubling of titanium:sapphire laser systems (28) (29) (30) . As we show, such a radiation source enables the most direct approach to studying the ultrafast dynamics of the creation and solvation of electrons in water. In contrast to our recent work (26) , carried out at higher photon energies at the freeelectron laser FERMI, here, each water cluster absorbs at most a single XUV photon, greatly simplifying the interpretation. Compared to related work that focused on the effect of scattering on the properties of the equilibrated solvated electron (27) , our more than 2.5 times higher time resolution uncovers the birth of the prehydrated electron and also reveals the decay of the solvated electron in water clusters. Our experimental results are interpreted by comparison with multiconfigurational nonadiabatic molecular dynamics (MD) calculations. This method, initially designed for computational photodynamics, is extended in our work to describe the primary stages of ultrafast radiation chemistry. The combination of experimental and theoretical results provides the first comprehensive mechanistic picture of the quantum dynamics of water radiolysis, ranging from water excitation, followed by hydrogen or proton transfer, to electron creation by autoionization, to thermalization of the hydrated electron, and lastly, to its decay via geminate recombination.
RESULTS AND DISCUSSION
In total, we performed four measurements using pump pulses centered at 133 and 80 nm and two water-cluster samples, H 2 O and D 2 O. Unless stated otherwise, a measured time-resolved photoelectron spectrum (TRPES) of H 2 O clusters excited with a 133-nm pump pulse is discussed as an example. The complementary data are shown in the Supplementary Materials. The measured TRPES is shown in Fig. 1A as a function of the vertical binding energy (VBE) and the time delay between the pump (133 nm) and probe pulses (266 nm). All TRPES display one dominant band (see section S1 for the remaining three TRPES). From previous measurements of the VBE of water anionic clusters, liquid water jets (12, 18, 22) , and water clusters (26) , the dominant feature is assigned to the prehydrated or hydrated electron. The corresponding photoelectron band appears around time zero with VBE around 2 eV and progressively shifts toward a VBE of ~3.7 eV. The intensity of the band simultaneously decreases to ~14% of its initial value within the first 10 ps.
We analyze the measured TRPES using a global-fit approach, the result of which is shown in Fig. 1B . Details of the fitting procedure are given in section S2. The global fit reproduces well all the main characteristics of the TRPES and therefore captures all important information contained in the experimental data. At very short time delays, the region of VBEs above 3 eV is dominated by a few sharp features that we assign to the Rydberg states of uncondensed water molecules. These features are identified through the global-fit procedure (see section S2) and excluded from the following analysis and discussion.
We first focus on the decay of the hydrated-electron signal, obtained by energy integration over the corresponding band. The result is shown in Fig. 1D , together with a fitted biexponential decay. The biexponential character of the signal over the observed delay range is confirmed using a logarithmic plot (see fig. S5 ). The maximum of the prehydrated electron signal appears at  1 = (43 ± 7) fs as shown in the inset of Fig. 1D . The prehydrated electron appears as a relatively broad band centered at a VBE of 2.5 eV. The time constants of the subsequent biexponential decay are  2 = (0.44 ± 0.05) ps and  3 = (8.0 ± 1.5) ps.
Next, we analyze the VBE and the full width at half maximum (FWHM) of the hydrated electron band. These quantities are extracted by fitting a Gaussian function to every time slice of the hydrated electron band and are shown in Fig. 2 . The VBE displays a biexponential evolution from its initial value of ~2.5 eV to its final value of (3.69 ± 0.04) eV. The FWHM of the hydrated electron band narrows in time from an initial value of ~1.8 eV to the final value of ~1 eV in the limit of large pump-probe delays. This time evolution is well represented by a monoexponential fit. We note that the TRPES are rather complex and possibly somewhat affected by the subtraction of the monomer contribution at early time delays. Details are given in sections S2 and S3. Last, we turn to the asymmetry parameter maps extracted from the time-dependent photoelectron angular distributions. The asymmetry parameter (Fig. 1C) shows little evolution as a function of time and an asymptotic value of  2, lim = (0.4 ± 0.1).
Our measured data in combination with multiconfigurational nonadiabatic ab initio MD calculations provide a comprehensive view of the ionization dynamics of water and the formation of hydrated electrons. In the following, we interpret the four main results of our experiments: (i) the decay of the hydrated electron signal, (ii) the observed shift of the VBE, (iii) the narrowing of the hydrated electron band, and (iv) the evolution of the photoelectron asymmetry parameter.
When the water cluster interacts with a 133-nm pulse, corresponding to a photon energy of ~9.3 eV, direct photoionization cannot take place because the excitation energy lies below the ionization potential of water clusters of any size (31) and below the threshold energy for vertical ionization of liquid water (32) . Instead, photoexcitation takes place. Excitation at photon energies above 8 eV has been predicted to result in the formation of a hydronium radical H 3 O· and a hydroxyl radical OH· (33) (34) (35) following hydrogen atom transfer. The hydronium radical was hypothesized as the precursor of the hydrated electron (36) . Whereas a free hydronium radical is a metastable species with a lifetime of <50 fs (33) in its electronic ground state, the hydrated hydronium radical can spontaneously decay into a H 3 O + ⋯e − ion pair (in analogy to the Na + ⋯e − pair in Na-doped water clusters), which leads to the formation of a hydrated electron e − (aq) (33, 37, 38) , explaining the rapid increase in the cluster lifetime with size. It is therefore conceivable that the hydrated electron is formed via hydrogen transfer upon photoexcitation.
To test our hypothesis, we use nonadiabatic MD calculations at the complete active space self-consistent field (CASSCF) level of theory, using the computationally tractable (H 2 O) 8 cluster as a model system. This is, to our knowledge, the first direct simulation of the hydrated electron formation during photolysis or radiolysis. We simulate the excitation of the water octamer into the second excited state (ES2) manifold (see section S5 for more details) centered at around 9.4 eV (see Fig. 3B ), i.e., very close to the 133-nm (~9.3 eV) excitation wavelength used in this work. Our calculations confirm the formation of the H 3 O· radical as shown in Fig. 3A .
We have further analyzed the character of the hydronium moiety formed upon the ultrafast hydrogen transfer: It could either be a ). Population analysis in the excited state reveals that the latter description is more adequatethe hydrated electron is formed almost immediately upon hydrogen transfer (H 2 O…HOH → H 2 OH…OH); the details can be found in section S6. The binding energy of the nascent electron was found to be around 1 eV, i.e., somewhat below the experimental result of ∼2.5 eV, possibly due to the small cluster size amenable to our high-level calculations (see section S7 for details). At these early times after excitation, the electron is not yet equilibrated and is therefore referred to as "prehydrated" electron. In the subsequent dynamics, we expect the electron to gradually thermalize and the system to relax into its electronic ground state.
We also observe the gradual formation of hydrogen atoms during the simulation (red curve in Fig. 3A) . On the basis of the abovementioned analysis, this is the signature of the recombination of the hydrated electron with an H 3 O + cation, forming H + H 2 O, and represents the most likely mechanism of the hydrated electron decay observed in our experiments. Our calculations predict a time scale of hundreds of femtoseconds for this decay in photoexcited (H 2 O) 8 , whereas our experiments reveal a much slower time scale of 8.0 to 11.2 ps. These rather different time scales are consistent with the strong size dependence of the hydronium cation concentration of the respective cluster sizes.
This decrease in the geminate recombination rate with increasing cluster size is also consistent with the ejection length of ∼1.4 nm and the longer recombination times known from bulk studies using two-photon excitation at 266 nm, i.e., the same excitation energy (32) . Although geminate recombination in bulk water is known to have a nonexponential time dependence, a biexponential fit to the data presented in (32) yields a very reasonable agreement with fast time constants of 23.5 and 24.8 ps and slow time constants of 340 and 390 ps for bulk H 2 O and D 2 O that were two-photon excited at 266 nm, respectively. The faster time constants therefore agree with our results, keeping in mind that the ejection length is similar to the cluster radius (∼1.4 nm; see Methods), and the ejection length might even be shorter for one-photon excitation at 133 nm since it decreases from ∼2.4 nm for three-photon excitation at 400 nm (16) to ∼1.4 nm for two-photon excitation at 266 nm. The slower time constants are not observable within the delay range covered by our experiments.
The water octamer for which nonadiabatic first-principle dynamics calculations are computationally affordable is too small to allow for the observation of the complete equilibration of the hydrated electron. We have therefore modeled larger clusters composed of the relevant H 3 O moiety and 16 water molecules in their electronic ground state. These simulations characterize the thermalized hydrated electron, as we expect it to be prepared in our experiments. In particular, we have calculated the VBEs of the H 3 O(H 2 O) 16 system. Depending on the initial structure of the water cluster, we identified a broad variety of hydrated electron structures with VBEs ranging from 1.3 to 6.1 eV. Figure 3C reveals the existence of a direct relationship between the binding energy and the radius of gyration, i.e., the effective size of the hydrated electron cloud. A similar relationship was previously established in the case of excess electrons in anionic water clusters [see (3) for a review] or in isoelectronic sodium-doped neutral water clusters (39) . These structures with compact electron clouds were found to have high VBEs, whereas the more delocalized electron clouds correspond to lower VBEs. In contrast to these results, the distance between the center of the electron cloud and the hydronium cation does not seem to have an important effect on the VBE (Fig. 3D) . On the basis of these results, we assign our observations of a time-dependent increase in the VBE to an increasing localization of the hydrated electron within the water clusters during the solvation process.
Our results for all four experiments are summarized in Table 1 and in sections S3 to S5. Our experimental results reveal the formation of a single, Gaussian-shaped hydrated electron band, corresponding to a VBE of (3.69 ± 0.04) eV. The higher signal-to-noise ratio of our results (see fig. S4 , B to D) compared to (27) excludes a possible bimodal distribution of the hydrated electron, in agreement with a recent viewpoint (40) that identified it as an artifact based on incorrect assumptions. Compared to measurements on anionic water clusters, this observation would be consistent with the formation of a "cavity" isomer (20) , but our own calculations show that clusters as small as H 3 O(H 2 O) 16 can display an average VBE of 3.6 eV (Fig. 3C) , demonstrating a pronounced difference between hydrated electrons in neutral and anionic water clusters. In our earlier study of hydrated electrons in overall neutral water clusters (26), we have shown that the VBE does not depend on cluster size for average sizes between 250 and 2200. The solvated electron in overall neutral clusters therefore shares more similarities with that in Na-doped water clusters, which are also neutral as a whole and are stabilized by a Coulomb interaction between the cation and the hydrated electron, than with anionic water clusters. In addition, the Na-doped clusters are isoelectronic to the clusters studied in our work. Hence, it is expected that our results agree well with the known properties of these clusters (22, 39) . Moreover, the VBE of Na-doped water clusters converge to the bulk value for sizes as small as four to five water molecules, which is also in agreement with our present and earlier (26) results. The delayed maximum of the (pre)hydrated electron signal ( 1 ) occurring at 26 to 43 fs in H 2 O and 61 to 65 fs in D 2 O clusters is attributed to hydrogen or proton transfer in case of 133-or 80-nm excitation path, respectively. This assignment is in agreement with the observed isotope effect and with the proton transfer dynamics in ionized liquid water (41) . This transfer is the first step in a reaction chain, which leads to a highly excited, hot electron. What follows is the solvation of this prehydrated electron with a time constant  2 , which again displays a pronounced isotope effect, in agreement with the involvement of solvent rearrangement, which is expected to mainly involve librational modes (15, 19) . The solvation process is accompanied by a gradually increasing localization that translates into the observed increase in the VBE. The fast time constant ( a ) displays no isotope effect within the accuracy of our results, whereas the slower one ( b ) may display a weak isotope effect. The narrowing of the VBE distribution, which occurs with the time constant  n and is assigned to the cooling of the initially hot prehydrated electron, does display an isotope effect, at least following the excitation at 133 nm.
The shortest time scale ( 1 ), which we have assigned to hydrogen/ proton transfer (43/26 fs in H 2 O and 61/65 fs in D 2 O), has not been observed in previous experiments, which studied either excess electrons or electrons created through CTTS or used multiphoton excitation of neat water. It has also not been reported in prior measurements on neutral water clusters (26, 27) 6 . Last, we return to the photoelectron asymmetry parameters. Compared to previous experiments on the s → p photoexcitation of initially equilibrated hydrated electrons in liquid microjets (12) , which showed a decay of the asymmetry parameter from 0.16 to 0 assigned to the p → s internal conversion, our experiments may suggest a direct relaxation of the hydrated electron to the s ground state (see Fig. 1C ). This interpretation also agrees with the lack of anisotropy in the terahertz absorption of the solvated electron, reported in (16) .
These combined experimental and theoretical results are schematically summarized in Fig. 4 . The excitation path initiated by 133-nm irradiation prepares a highly excited water molecule H 2 O* in the cluster environment. The hydrated H 2 O* molecule undergoes a rapid hydrogen-transfer reaction with a neighboring water molecule yielding a highly excited hydrated hydronium radical H 3 O·. In the next step, the hydronium radical decays in a spontaneous charge separation process into a hydrated hydronium cation H 3 O + and a prehydrated electron e − (aq). The prehydrated electron then thermalizes with its environment and localizes. Recombination of the hydrated electron with the parent hydrated hydronium cation H 3 O + results in the formation of a hydrated water molecule and a hydrogen atom, which is ejected from the cluster (33) (34) (35) .
In contrast to this, 80-nm irradiation results either in excitation of quasi-bound states, which derive from the Rydberg states converging to the first or second excited states of H 2 O + (superexcited states) or in the direct ionization of the water cluster because the photon energy is higher than the first ionization energy of water clusters of all sizes (31) . The superexcitation pathway leads to a similar situation as in the case of 133-nm excitation (see Fig. 4) (32) . The ionization step can be followed by an ultrafast proton transfer yielding an H 3 O + cation and a prehydrated electron (43) . Thermalization of this electron yields the hydrated electron e . During thermalization, several water molecules and a hydroxyl radical OH· are ejected from the cluster. In both cases, the hydrated electron is detected with a 266-nm probe pulse. The signal of the hydrated electron decays in time due to a recombination reaction between H 3 O + and the hydrated electron, which leads to a hydrogen atom escaping from the cluster.
previous case, the hydrated electron can recombine with H 3 O + , as shown in Fig. 4B . The similarity of these two mechanisms offers an explanation for the similarity of the observed time scales following the two excitation pathways.
CONCLUSION
In this work, we have combined the advantages of low-order harmonic generation with time-resolved velocity map imaging (VMI), to observe the early time scales involved in the excitation and subsequent hydration dynamics in water clusters. Our observations reveal the entire pathway from the electronic excitation, followed by hydrogen/ proton transfer and the formation of a prehydrated electron to its subsequent thermalization, spatial localization, and its eventual decay through geminate recombination. We have performed four complementary measurements, investigating the role of the excitation/ ionization energy and the isotope effects. We have observed unexpected similarities between the two pathways. Combining experimental and theoretical results, we have found that the two excitation pathways only differ in the creation step of the electron. The observed dynamics are generally slower in D 2 O clusters, signaling the important contributions of structural dynamics to the observed processes. Our results uncover the mechanisms triggered by the ionization of water with unprecedented detail, including the nature and time scales of the individual quantum-mechanical processes. These results have important implications for the understanding of the primary steps of radiation chemistry and radiation damage. They also demonstrate a pathway for studying such dynamics with even higher, attosecond, temporal resolution by either combining two neighboring harmonic orders into an attosecond pulse train and performing an interferometric measurement, as demonstrated on gaseous (44) and liquid water (45) or using isolated attosecond pulses in the vacuum UV/XUV domain.
METHODS

Experiment
All experiments were performed using a two-color pump-probe scheme using low-order harmonic generation in a semi-infinite gas cell and a VMI spectrometer (30) , as shown in Fig. 5 . A Ti:Sa regenerative amplifier operating at 1 kHz delivered 2.0-mJ pulses centered at 800 nm with 28-fs pulse duration. The input beam was divided into a pump and a probe arm using a 80:20 beam splitter. The transmitted (pump) beam was delayed with respect to the reflected beam (probe) using a motorized delay stage. The transmitted beam was frequency doubled using a 300-m-thick -barium borate crystal to obtain 570-J pulses at 400 nm. The second harmonic beam was separated from the fundamental beam by reflections on four dichroic mirrors and focused by a f = 500-mm spherical mirror into the semi-infinite gas cell filled with Xe. The pressure of the generation gas was selected such that the third (133 nm ∼ 9.3 eV) or fifth (80 nm ∼ 15.5 eV) harmonic of 400 nm was optimized. Under these conditions no photoelectrons originating from the other harmonics were detected. The reflected beam was used for the third harmonic generation giving 1.2-J pulses of 266 nm. Both pump and probe beams were delivered into a vacuum chamber using dichroic mirrors and then focused noncollinearly (with a crossing angle of less than 1°), by two spherical mirrors (f = 0.5 m for harmonics and f = 1 m for 266 nm). All in-vacuum mirrors were motorized allowing for fine adjustment of the spatial overlap.
Purified water with an electrical resistivity of 18 M was held in a heatable reservoir. The reservoir temperature was set to 170°C corresponding to a water backing pressure of about 8 bar. The reservoir was connected to a CRUCS pulsed valve through individually heatable in-vacuum and out-vacuum tubes, all kept at 190°C. The pulsed nozzle (orifice, 150 m; half-opening angle, 40°) was kept at 188°C. All temperatures were stabilized to better than ±3°C. These conditions provided water clusters with an average into a pump and a probe arm. The reflected part is frequency doubled, separated from its fundamental by reflection on dichroic mirrors and used to generate low-order harmonics in a semi-infinite gas cell (LOHG). The transmitted part is used in third harmonic generation process to obtain 266-nm probe pulses that are separated from the fundamental and 400 nm beams by dichroic mirrors. Both beams are noncollinearly overlapped in the interaction region of the VMI spectrometer using motorized mirrors. The sample is delivered by a CRUCS pulsed valve and intersected with beams in the interaction region. Photoelectrons are extracted by electrostatic lenses and detected by a position sensitive detector (MCP, micro channel plate).
cluster size of 〈N〉 ≈ 400 water molecules estimated using a formula derived in (46) . Assuming a spherical shape and the density of liquid water, the average cluster size would correspond to a radius of ~1.4 nm, but we note that these clusters usually have highly nonspherical shapes (47) . The pulsed nozzle was operated at 500 Hz. The gas jet was skimmed by a 500-m skimmer and propagated 10-cm downstream to reach the interaction region where it was ionized by the combined action of the laser beams. A cross-correlation of (85 ± 3) fs (FWHM) was determined by two-color ionization (133 + 266 nm) of Xe. The crosscorrelation function was taken into account during data analysis as an instrument response function. Ejected photoelectrons were imaged using electrostatic lenses fulfilling VMI conditions and a microchannel plate (MCP) detector in a chevron configuration.
TRPES were recorded for pump-probe delays between −0.3 and +10.0 ps. The negative delays refer to the situation where the 266-nm pulse acts as the pump. At each time step of the TRPES, the following four images were recorded: (i) one two-color image, (ii) two one-color images (where one of the two beams was blocked), and (iii) one background image. Each image was recorded three times over 2.5 × 10 4 laser shots. One-color data were then subtracted from the two-color data to obtain images of the pump-probe contributions. These images were inverted using polar Onion peeling inversion and Maximum Entropy Velocity Image Reconstruction methods. Calibration of the energy axis was performed using Xe and Kr measurements recorded under the same VMI conditions.
Theory
The excited-state ab-initio MD simulations were executed with the surface hopping approach using Tully's fewest switches algorithm. We used a water octamer as a model system. The dynamics were performed on the CASSCF potential energy surface, using a rather restricted active space consisting of two electrons in three orbitals. The system was promoted either into the ES1 or into the ES2 manifold of states. Simulations with larger active spaces and number of states, as well as simulations of smaller systems (trimer), provided qualitatively similar results. The equations of motion were integrated with the velocity Verlet integrator, using a timestep of 10 atomic units (a.u.). The initial geometries were generated by classical MD simulations using hybrid PBE0 functional with Grimme's D3 dispersion correction. A constant temperature of 200 K was maintained by Nosé-Hoover thermostat. The equations of motion during the groundstate simulations were integrated with the velocity Verlet integrator, using a timestep of 20 a.u.
The possible states of hydrated electron in the H 3 O(H 2 O) n clusters in thermal equilibrium were investigated by means of MD simulations. We considered clusters with n = 4, 8, 12, and 16. In all cases, we ran simulations for 10 ps at a temperature of 200 K maintained by Nosé-Hoover thermostat. The PBE functional with 6-31+g* basis set was used to calculate forces and velocities for all the calculations. The equations of motion were integrated with the velocity Verlet integrator. We recalculated ionization energies and radii of gyration along the trajectory with the long-range corrected (LC)-PBE functional.
The MOLPRO package was used for calculating the energies and forces, and the graphics processing unit-based TeraChem code was used for the calculations in the ground state. The ionization energies were calculated with Gaussian 09 code. All MD simulations were performed within our in-house code ABIN.
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